The purpose of the study is to identify the strains and systematic classification of the three bacterial strains with strong colonizationresistance against pathogenic bacteria Bacillus nematocida B16, which were isolated from the intestine of free-living nematode Caenorhabditis elegans in rotten fruit and soil. In this study, multilocus phylogenetic analysis was performed to study the taxonomic status of these bacterial strains base on the sequence of 16S rRNA, atpD, gyrB, infB, and rpoB. In addition, the digital DDH (DNA-DNA hybridization) and ANI (average nucleotide identity) analysis were carried out to confirm the classification conjugating morphological characteristics including bacterial colonies, cell shape, size and motility, and physiological characteristics. The results showed that three strains SCO41 T , BX15, and BC7 from the intestine of C. elegans were Gram-stain-negative, facultative anaerobe, motile, non-spore-forming and rod-shaped, catalase-positive, and oxidase-negative. Multilocus phylogenetic analysis demonstrated that the three strains represent a novel bacterial species closely related to Phytobacter ursingii CAV1151 T . Digital DDH and ANI analysis results revealed a significant sequence divergence between the novel strains and their closest relative P. ursingii, supporting their classification as a distinct species. Furthermore, these new strains can be clearly distinguished from P. ursingii by a number of morphological and physiological characteristics. A novel bacterial species, Phytobacter nematintestini sp. nov., is proposed to accommodate these strains. The type strain is SCO41 T (=CICC 24103 T = KCTC 52362 T ).
lifespan. For the hosts, the relationship with gut microbiota ranges from mutualistic to pathogenic. The intestine of freeliving nematode Caenorhabditis elegans, which consists of 20 epithelial cells, is typically full of microbes (Felix and Duveau 2012) . Moreover, the soil nematode C. elegans is a Bmicrobivore^due to its consumption of many species of bacteria. The role of soil bacteria is to provide nutrients for nematodes and regulate their metabolism. Previous studies have identified the normal intestinal flora within the intestines of worms that maintain these stable symbiotic relationships (Felix and Duveau 2012; Montalvo-Katz et al. 2013) . Specifically, Félix and Duveau described the presence of bacteria in wild C. elegans but did not identify the species present (Felix and Duveau 2012) . Michael Shapira identified some of the species present in the intestine of C. elegans and examined whether these confer resistance to the nematode pathogens Pseudomonas aeruginosa and Enterococcus faecalis (Montalvo-Katz et al. 2013) . Our previous study found that regardless of the worm's origin (i.e., from soil or rotten fruits), the diversity of the intestinal microbiome decreased after Bacillus nematocida B16 infection (Niu et al. 2016) . Thus, the genetically tractable model provides a useful tool to study the mechanism of host-microbe interactions (Cabreiro and Gems 2013) . The life-history traits such as development, reproduction, and lifespan are altered in C. elegans when fed different bacteria (MacNeil et al. 2013) . Accumulating evidence indicates that some gut probiotic bacteria antagonize pathogenic bacteria (Ikeda et al. 2007 ). The phenomenon that intestinal microbiota effectively inhibits colonization and overgrowth by invading microbes such as pathogens is called Bcolonization-resistance^ (Buffie and Pamer 2013) .
In our previous study, we identified the Bnormal^intestinal microflora of adult C. elegans as well as the changes that occur after infection with Bacillus nematocida B16 (Niu et al. 2016) . In this work, we isolated three strains from the intestinal lumen of wild C. elegans, and they presented remarkable colonization resistance against the pathogen B. nematocida B16.
The taxonomy of the Enterobacteriaceae has undergone major changes. In the past, many species were identified mainly based on biochemical reactions, which led to misidentification (Habsah et al. 2005; Bergman et al. 2007; Bicudo et al. 2007; Boszczowski et al. 2012) . With the increasing availability of 16S rRNA gene sequences (Dauga 2002; Habsah et al. 2005; Pavan et al. 2005) , gyrB sequences (Dauga 2002; Delmas et al. 2006) , and the use of multilocus sequence analysis (MLSA) (Brady et al. 2008; Glaeser and Kampfer 2015) , and more recently of whole genome sequencing (WGS) (Dunne Jr. et al. 2012; Rossello-Mora and Amann 2015) , the identification of bacterial species affiliated to Enterobacteriaceae family is becoming more and more accurate.
The species Phytobacter diazotrophicus and the associated genus Phytobacter were originally described on the basis of few endophytic nitrogen-fixing bacteria isolated from wild rice (Oryza rufipogon) in China (Pavan et al. 2005; Zhang et al. 2008) . Preliminary genetic analysis suggested that the enterobacterial species involved bore similarities both with Brenner's Biotype XII isolates from outbreaks occurring in the 1970s in the USA (Dauga 2002; Delmas et al. 2006; Brady et al. 2008; Glaeser and Kampfer 2015) and with Phytobacter diazotrophicus (Pavan et al. 2005 ). Pillonetto et al. emended the description of the genus Phytobacter, including its type species Phytobacter diazotrophicus (Zhang et al. 2008 ) and the description of Phytobacter ursingii sp. nov. (Pillonetto et al. 2018) .
In this study, three bacterial strains were isolated from the intestine of C. elegans and conferring resistance to B. nematocida infection. The physiology, morphology, and 16S rRNA analysis result showed that the characteristic typically resembled those of the genus Phytobacter. Multilocus phylogenetic analysis, ANI, and digital DDH analysis results indicated that these strains represent a novel bacterial species closely related to P. ursingii. On the basis of phenotypic and molecular characteristics, strain SCO41 T (=CICC 24103 T = KCTC 52362 T ) represents the type strain of a novel species of the genus Phytobacter, for which the name Phytobacter nematintestini sp. nov. is proposed.
Methods
Isolation, screening, and culture condition
The nematodes were separated using the Baermann funnel technique and then washed three times with M9 buffer (Gray 1984 ). An aqueous suspensions of nematodes containing approximately 50 worms were randomly selected, surfacesterilized by soaking in a 1% mercuric chloride and 2% antibiotic mixture containing streptomycin sulfate and gentamicin for 1 h, and then cultured on nutrient and oligotrophic agar plates to confirm successful surface sterilization (this was confirmed if 0 cfu was found). The tested worms were ground, plated on LB agar medium, and cultured at 37°C overnight. The bacteria in the intestine were then identified. All of the experiments above were carried out in three replicates and conducted twice. In total, 52 strains were isolated from 10 different batches of C. elegans samples collected from different places in Nanyang, Henan Province, Central China. The strain SCO41
T was isolated from intestines of a C. elegans sample collected from rotten bananas in July 2015, whereas the stain BX15 was found in intestines of a C. elegans sample from the soil in August 2015, and the third strain BC7 was isolated from intestines of a C. elegans sample from rotten apples in October 2015. Isolation of the strains was carried out by the enrichment technique using LB medium. Representative colonies were purified by the conventional streaking technique on LB agar plates. Purified bacterial strains were suspended in LB broth supplemented with 10% glycerol and maintained at − 80°C. The bacteria were grown on LB medium for phenotypic, chemical, and molecular systematic studies at 37°C for 2-3 days. Cultures were checked for purity, harvested by centrifugation, washed with distilled water, and freeze-dried where needed.
The opportunistic pathogen B. nematocida B16 strain was deposited at the China General Microbiological Culture Collection Center (CGMCC 1128) (Huang et al. 2005) . GFP-expressing strain B16g was constructed in our previous study (Niu et al. 2012) . The growth, synchronization, collection, and surface sterilization of the worm C. elegans were performed as previously described (Niu et al. 2012; Niu et al. 2015; Niu et al. 2016) .
The methods of colonization resistance were assayed as follows: the worms after surface sterilization were challenged with oral B. nematocida B16g strains at varying time points after treatment with the different isolated bacterial strains. For concurrent groups without feeding bacterial worms were as controls. To assess whether the isolated bacteria have colonization resistance, the number of colonizing bacteria B16 within the C. elegans digestive tract was measured using the method described in our previous report (Niu et al. 2015) . The experiments were performed with three parallel replicates and repeated three times.
Phenotypic characteristics
Gram staining was performed using standard Gram reaction based on the KOH lysis test method (Cerny 1978) . Morphological properties were examined by light microscopy (Olympus microscope BH-2) and SEM examination (Philips XL30). The bacteria were washed three times in phosphate buffer (pH 7.0) and were fixed in 4% glutaraldehyde for 2 h and then in 2% osmic acid for 40-60 min. After dehydration in a series of ethanol solutions, the samples were dried, sputtercoated with gold, and examined under SEM. The growth status of the bacteria under different temperature and pH was determined using a spectrophotometer. The utilization of 49 carbohydrates was examined using the API 50 CH system and Biolog GN2 Micro Plate. Metabolic properties and physiological and biochemical tests were determined using API ID 20 E test kits (bioMerieux) as described by Li et al. (2004) .
Analysis of menaquinone, cellular fatty acid compositions, and polar lipids
Isoprenoid quinones were extracted from dry cells (50 mg) as described by Sasser (Sasser 2001) . Purified quinones were analyzed by reverse-phase partition high-performance liquid chromatography (HPLC) (Kroppenstedt 1982) . The wholecell fatty acid compositions were checked by the standard Microbial Identification System (MIDI Inc.) as described previously (Timke et al. 2005) . Polar lipids were extracted from dry organisms (50 mg) and examined by two-dimensional thin-layer chromatography (TLC) using TLC Silica gel 60 (Merck, Germany) (Minnikin et al. 2010 ).
Analysis of the 16S rRNA, MLSA, and genomics
Genomic DNA was prepared using genomic DNA extraction kits (TIANGEN) according to the manufacturer's protocol. Amplification of the 16S rRNA gene was conducted using the primers provided by An et al. (2006) . Cycling conditions were 4 min at 95°C for the first denaturation; 35 cycles of 40 s at 95°C, 40 s at 55°C, and 1.5 min at 72°C for amplification; then 10 min at 72°C for extension. The purified 16S rRNA fragment was sequenced using a Dye Terminator cycle sequencing kit (Applied Biosystems, Warrington, USA). BLAST search was performed to determine the type strain sequences (Altschul et al. 1997) . The 16S rRNA sequence was aligned with type strains of the related species provided by GenBank using the multiple alignment program CLUSTAL_X version 1.81 (Thompson et al. 1997) . Phylogenetic trees were constructed using MEGA version 5.0 (Tamura et al. 2011 ) with the neighborjoining (Kimura 1980; Saitou and Nei 1987) , maximumparsimony (Fitch 1971) , and maximum-likelihood (Felsenstein 1985) algorithms respectively. The topologies of the phylogenetic trees were evaluated by using the bootstrap resampling method of Felsenstein (Felsenstein 1985) with 1000 replicates. Bacillus subtilis subsp. subtilis str. 168 was set as the outgroup. Reference sequences were retrieved from GenBank under the accession numbers indicated in the tree.
Genomic DNA was sequenced on a PacBio equipment. The average nucleotide identity (ANI) between genomes was estimated according to Konstantinidis and Tiedje (2005) , and the genomic distances were obtained while subtracting the ANI values from 1. Bacteria species was analyzed using the genome-to-genome distance calculator (GGDC) 2.0 (http://ggdc.dsmz.de/). MLSA (multilocus sequence analysis) was performed on the basis of the protocol targeting the four standard housekeeping genes (gyrB, rpoB, atpD, and infB) proposed by Brady et al. (2008) . Concatenated gyrB, rpoB, atpD, and infB sequences (2548 bp) were aligned by the MEGA7 software and compared with the corresponding gene sequences of reference strains of species. Phylogenetic analysis was performed using the combined atpD, gyrB, infB, and rpoB sequences. The sequences used in the multilocus phylogenetic tree were selected according to Pillonetto et al. (2018) .
DNA-DNA reassociation and G+C content determination
DNA-DNA relatedness studies were performed in microplates using the fluorometric assay of Ezaki and Yabuuchi (1989) . Twenty-two DNA extraction and purification were performed according to Marmur's procedure (Johansson et al. 2011) . DNA reassociation ratios were determined spectrophotometrically with a model 1601 UV spectrophotometer equipped with a Thermoelectric Cell Temperature Controller (SHIMADZU). The G+C content was estimated and calculated by thermal melting procedure (Marmur and Doty 1962) .
Results

Bacteria isolation and phylogenetic and genomic analysis
A total of 52 bacteria strains were isolated from the intestines of the worm C. elegans samples obtained from Nanyang, Central China. Initial test on colonization resistance abilities was performed on all the isolates, which showed that only 12 bacterial strains had the ability to antagonize the colonization against the pathogen B. nematocida B16. Based on the rapid identification of the 16S rRNA gene, the majority of these colonization-resistance bacterial strains were identified as known species that included Pediococcus sp. (4 isolates: SCO19, SCO25, BX22, BC7), Escherichia coli (5 isolates: BX8, BX20, BC9, BC10, BC11), and Phytobacter sp. (3 isolates: SCO41 T , BX15, BC7). The four Pediococcus strains were all 100% identical with each other, showing 99.38% identify with P. acidilactici DSM 20284 T . Likewise, the 16S rRNA sequences of the five Escherichia strains showed 100% similarity, and the binary similarity values of the 5 strains were 100% identical with the E. coli strains. The sequences of 16S rRNA sequence of the three strains, SCO41 T , BX15, and BC7, were 100% identical. 16S rRNA gene sequence comparison revealed that members of the genus Phytobacter were the closest phylogenetic neighbors. The maximum binary similarity value of this strain and Phytobacter diazotrophicus LS 8 T was 98.95%. The phylogenic tree showing all the isolates are indicated in Fig. 1 . The identity of all the 12 isolates was 83.04%.
The phylogenetic tree of the three strains SCO41 T , BX15, and BC7 based on the 16S rRNA sequence is shown in Fig. 2 . However, the Phytobacter species identification based on 16S rRNA sequence has often yielded inconclusive results (Pillonetto et al. 2018) . The multilocus sequence analysis based on gyrB, rpoB, atpD, and infB genes, of the three strains, SCO41 T , BX15, and BC7, of the new species were also 100% identical. As such, the species cannot easily be distinguished from other species in Phytobacter subclade by 16S rRNA sequence analysis alone. A maximum likelihood tree based on concatenated gene sequences is indicated in Fig. 3 , which further supported the fact that the bacteria SCO41 in the branches but distinctiveness of the Phytobacter genus were already recognizable in the 16S rRNA tree (Fig. 2) . In the multilocus phylogenetic tree, our strains clustered within the Phytobacter subclade as a separate branch with 88% bootstrap support (Fig. 3) .
Combining with the description of Pillonetto et al. (2018) , the identification of bacterial species in the Enterobacteriaceae has undergone the whole genome level, which is becoming more and more accurate. The obtained Fig. 1 Phylogenetic tree derived from a maximum likelihood based on the 16S rRNA gene sequence, depicting the relationships of the 12 isolates. Bootstrap values of above 50% are given at nodes based on 1000 replications. The bar represents one substitution per 100 nucleotides genome was submitted to the GenBank database. The genome sequence data had been uploaded to GenBank database with the BioProject ID: PRJNA435851. The genomic size of SCO41 was 5,599,325 bp and GC% was 53.06%. A total of 5392 genes were acquired, which accounted for 87.45% of the genome. The average size of the identified gene was 908 bp, and gene internal GC% was 45.4%.
The ANI analysis was performed according to Konstantinidis and Tiedje's description (Konstantinidis and Tiedje 2005) . The genomic distances were obtained and listed in Table 1 . Bacteria species was analyzed using the genome-to-genome distance calculator (GGDC) 2.0 (http://ggdc.dsmz.de/). According to the traditional 70% DDH criterion, no species can be classified as a class with SCO41 T (Table 1 ). The DDH value between Kluyvera intermedia CAV1151 and SCO41
T was 51, which was the highest DDH level. The ANI values between SCO41 T and K. intermedia CAV1151 were approximately 91%, and the ANI values with other species were all less than 82% (Table 2) . DNA-DNA reassociation similarities were 25.0% and 23.3% when SCO41
T is compared with P. ursingii CAV1151 T and Enterobacter sp. Bisph2 respectively. The results provided decisive evidence that the isolate and the other two related type strains are members of different genomic species (Wayne 1988) . Thus, the phylogenetic and genomic results supported the view that strain SCO41 T represents a novel species of the genus Phytobacter.
Morphology, physiology, and chemotaxonomic characteristics
The phenotypic characteristics of strain SCO41 T , the reference strains P. ursingii CAV1151, and Enterobacter sp. Bisph2 were determined. Primary morphological analysis showed that SCO41 T , BX15, and BC7 could format some white disk colonies with smooth margin along with approximately 0.2-0.3 cm diameter of height after cultured at 37°C for 16-24 h. Typical morphology of SCO41 T is presented in Fig. 4 . Moreover, all of these three isolates were capable to grow at a wide temperature range of 10-42°C with an optimized temperature at 37°C. Besides, they were even able to grow weakly at 4°C. The suitable growing pH of the bacteria ranged from 6.0 to 8.5, and the optimum pH was 7.0. All of three strains showed Gram-negative, motile, oxidase-negative, catalase-positive, non-spore-forming, and fermentative rods abilities. Property examinations showed that all of these strains were β-xylosidase and arbutin positive; and ornithine decarboxylase, lysine decarboxylase, and Voges-Proskauer reaction negative. These properties were obviously different from its closest strains P. ursingii CAV1151 and Enterobacter Fig. 2 Phylogenetic tree derived from a maximum likelihood based on the 16S rRNA gene sequence, depicting the relationships of Phytobacter nematintestini sp. nov. with its nearest phylogenetic relatives. Bootstrap values of above 50% are given at nodes based on 1000 replications. The bar represents one substitution per 100 nucleotides sp. Bisph2 (Table 3) . Unlike P. ursingii CAV1151 and Enterobacter sp. Bisph2, Phytobacter nematintestini sp. nov. could not ferment cellobiose, L-fucose, or melibiose, and lysine decarboxylase is negative. However, different from Enterobacter sp. Bisph2, Phytobacter nematintestini sp. nov. could ferment arbutin, gluconate, L-sorbose, and D-serine, and ornithine decarboxylase is negative, which was similar to the characteristics of P. ursingii CAV1151. All the results indicated that these new three strains were more close to P. ursingii CAV1151. Fig. 3 Maximum likelihood tree based on concatenated partial atpD, gyrB, infB, and rpoB gene sequences (2548 bp Mass spectrometry showed that ubiquinone 8 (Q-8) was the major component from SCO41 T (Fig. S1 ). Typical patterns of polar lipids are shown in Fig. S2 . The major cellular fatty acid profiles were C16:0 (43.4%), C17:0 (20.4), C14:0 (13.9%), C16:1ω5C (8.8%), C12:0 (5.4%), and C18:1ω9c (4.6%). The fatty acid profile of the strain SCO41
T was clearly qualitatively and quantitatively different from those of closely related species (Table 4) . On the basis of its phenotypic, genotypic, and chemotaxonomic characteristics, strain SCO41 T can thus be distinguished clearly from the type strains of other species of the genus Phytobacter, and the name Phytobacter nematintestini sp. nov. is proposed.
Taxonomy
Based on the phenotypic, genotypic, chemotaxonomic characteristics, 16S rRNA (GenBank accession number: KT192640) and the genomic analysis used in this study, the strains above are well supported to represent a distinct taxon, described here as new species in the genus Phytobacter.
Discussion
Plant-parasitic nematodes can cause great damage in agriculture and forestry. Biocontrol of plant-parasitic nematodes has attracted a lot of attention because of the increasing awareness of the public about the environmental side effects caused by chemical insecticides. Bacteria have been used extensively as bioinsecticides against nematodes in the soil, and levels of control equivalent to those of chemical pesticides have been established because of their rapid culturing and production (Zhou et al. 2002) . The soil-dwelling bacteria Bacillus nematocida B16, a type of opportunistic pathogen, kills many kinds of plant-parasitic nematodes via a Trojan horse-like mechanism (Niu et al. 2010 ). For nematodes, live bacteria T are either the food source or the commensal gut flora in nature (Larsen and Clarke 2002) . In the laboratory, C. elegans may be cultured exclusively with E. coli OP50 as a food source. However, in the natural environment, C. elegans lives predominantly on a variety of bacteria that grow on decomposing plant material (Gusarov et al. 2013; MacNeil et al. 2013) . It has been reported that the intestine of free-living nematode C. elegans is typically full of microbes (Felix and Duveau 2012; Niu et al. 2016) . The nematodes C. elegans live predominantly on a variety of bacteria that grow on decomposing plant material in the natural environments (Gusarov et al. 2013) . Thus, when worms consume soil bacteria, some kinds of soil bacteria are digested and become worm food. Some of the bacteria are pathogen, like B. nematocida B16. Others are not digested but instead might become permanent microbes in the worm intestine. The permanent bacteria in the gut might be probiotic and play an important role in modulating the host defense responses to bacterial pathogens. Accumulating evidence indicates that probiotic bacteria influence the immune system in C. elegans and confer the defense resistance against pathogenic bacteria. For instance, worms fed lactic-acid-producing bacteria are more resistant to Salmonella enterica than those fed OP50 (Ikeda et al. 2007 ). Furthermore, Pseudomonas mendocina enhances innate immune responses to Gram-negative pathogens in C. elegans (Montalvo-Katz et al. 2013) . Meanwhile, B. subtilis GS67 confers resistance to the Gram-positive pathogens in C. elegans (Iatsenko et al. 2014) . Thus, it could be inferred that some probiotic bacteria in C. elegans formed colonization resistance against the biocontrol strain B. nematocida B16.
In this study, total 52 bacterial strains (without excluding the repetitive strains) were isolated from the intestines of C. elegans. Among them, 12 strains showed the capabilities to antagonize the colonization against the pathogen B. nematocida B16; 4 Pediococcus sp., 5 E. coli; and 3 Phytobacter sp. Ornithine decarboxylase
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All the experiments were repeated three times in the same batch isolates. The identity of the three types of isolates was 83.04%. The 3 Phytobacter sp. isolates SCO41 T , BX15, and BC7 were identical and showed the greatest inhibitory activity. The phenotypic and genotypic characteristics and the genome sequence analysis data indicate that strain SCO41
T should be distinguished from all the relative species of genus Phytobacter. Therefore, on the basis of the polyphasic taxonomic data presented, a new species of the genus Phytobacter, Phytobacter nematintestini sp. nov., with the type strain SCO41 T (=CICC 24103 T = KCTC 52362 T ) was proposed. The innovation of the study is to provide a new idea for the prevention and control of plant-parasitic nematodes. How to enhance the insecticidal effect of biocontrol bacteria has become more and more important on the development of biocontrol agents. Successful colonization in the intestines of the hosts is the key factor to complete infection. In this study, we focused on the isolation and identification of the intestinal bacteria with inhibition on the colonization of biocontrol bacteria B. nematocida B16. Our results laid a foundation for further determining the inhibition mechanism and provided a basis for the development of new biocontrol agents.
Description of Phytobacter nematintestini sp. nov.
Phytobacter nematintestini (nemat'intestini. L. gen. n. nematintestini, of the intestines of nematodes, from which the hosts of this bacterial species were collected).
The organism is facultative anaerobe, motile, non-sporeforming and rod-shaped, catalase-positive, and oxidase-negative. The activity for β-glucosidase is positive, and arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase, urease, tryptophan deaminase, and gelatinase are negative. It does not produce H2S or indole. It ferments glucose, mannitol, sorbitol, rhamnose, sucrose, amygdalin, and arabinose. It All the experiments were repeated three times in the same batch fails to ferment inositol or melibiose. Acid is only produced from arbutin and aesculin. A summary of the physiological characteristics of P. nematintestini is given in Table 5 . The GenBank accession number for the sequence of the 16S rRNA of P. nematintestini sp. nov. SCO41 T is KT192640. The predominant isoprenoid quinone was Q-8. The fatty acid profiles were C16:0 (43.4%), C17:0 (20.4), C14:0 (13.9%), C16:1ω5C (8.8%), C12:0 (5.4%), and C18:1ω9c (4.6%). The DNA G+C content is 52.1 mol%.
The type strain SCO41 T was screened and isolated from the intestines of worm C. elegans obtained from rotten fruits in June 2015 in Nanyang, Henan Province, Central China. 
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